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Abstract Cellulose Nanocrystal (CNC) films are
from emerging nanoparticles recently known for
photonic properties. The CNC films show nonuniform
photonic domains resulting from structural irregular-
ities in their typical self-assembled arrangements. This
paper presents a drop-casting approach from Poly-
amide 6 to form a coating layer on the CNC films. This
coating approach led to polycrystalline growth pat-
terns known as spherulites on the CNC film. For the
resulting coated CNC film, the spherulites yielded a
unique set of enhanced physical properties including
optical, mechanical and thermal as well as a new
morphological appearance from their micro-scale
average spherical shape; the ordering effect of their
local radial symmetry and orientation positively
influenced the effects of structural irregularities of
the typical CNC films. Under polarized light, the
optical transmission bands of the CNC film were
perceived through radial symmetry of banded spher-
ulites which were responsible for the formation of
circular extinction patterns for the coated CNC film.
The intermolecular interactions and interlamellar
entanglement of spherulites provided enhanced flex-
ibility and tensile strength for the coated CNC film.
This protecting design allows for the future
development of a variety of portable functional
assemblies requiring enhanced performance in optical,
mechanical and thermal properties of CNC films.
Keywords Chiral photonic cellulose nanocrystal
film  Spherulites  Polyamide 6  Optical properties 
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Introduction
Cellulose and particularly cellulose nanocrystals, as a
sustainable bio-based material, have recently enabled
new venues in the fabrication of photonic components
used, for example, in chiral reflectors (Dumanli et al.
2014a), photonic electrodes (Habibi et al. 2008), anti-
reflection coatings for photovoltaics (Tsui et al. 2014),
and humidity responsive optical materials (Yao et al.
2017). Optical properties of cellulose nanocrystals
(CNCs) are evaluated in the preparation and charac-
terization of iridescent films through solvent evapora-
tion of sulfate cellulose nanocrystals suspensions in
polar solvents, e.g., water. Several researchers have
shown that dried CNC films display outstanding
optical activity including circular dichroism and
Bragg reflection (Peng et al. 2011; Diddens et al.
2008; Zhang et al. 2013).
Retention of self-assembled microstructures typi-
cally results in nonuniform photonic CNC films whose
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optical properties depend on different factors initiated
from amorphous and varied helix orientation degree
and pitch length of CNCs arrangements (Saha and
Davis 2018; Kelly et al. 2013). These non-uniformities
are usual of any self-assembly methods which can
simply result in defect-rich with irregular mosaic-like
multi-colored domains. For certain applications
required flexibility and mechanical strength, thin
photonic CNC films have also shown limited flexibil-
ity, brittleness leading to unfavorable mechanical
behavior (Zhu et al. 2019; Sinko et al. 2013).
To overcome these challenges, several strategies
have been proposed recently to control film formation
based on helix orientation or the surface modification
of CNCs. For instance, Wilts et al. achieved relatively
uniform photonic films by controlling over film
formation itself; helix orientation through slowly
drying CNC dispersions in a custom-built humidity-
controlled chamber (Wilts et al. 2017). In a similar
work, Saha and Davis considered extra process
parameters such as CNC concentration, orbital shear,
surface anchoring influencing CNC film formation
(Saha and Davis 2018). By contrast, several surface
modifications carried out with the presence of com-
patible ions (Liu et al. 2017) or low molecular weight
polyelectrolytes (Yao et al. 2017; Xu et al. 2018)
normalizing interparticle forces associated with film
casting and shrinkage (Viet et al. 2007; Samir et al.
2004). In a mechanical reinforcement approach, low
molecular weight hydrophilic polymers as plasticizers
are also investigated to maintain the integrity, to
improve the flexibility and handling of films, and to
avoid pores and cracks during gelation and film
formation (Samir et al. 2004). This is despite the fact
that any surface modification method can be poten-
tially along with by-products requiring extra purifica-
tion steps.
However, achieving flexible arrangements from
pristine CNCs has obtained some interesting results
from post-treatment methods. In literature, the authors
have reported approaches to covalently attach poly-
meric chains to the top layer of CNC films (Alanis
et al. 2019). These techniques are still very limited in
terms of scalability, compatibility, and reproducibility
because they usually use hydrophobic materials
including polymers, monomers, and initiators that
may feel considerable steric hindrance to access the
reaction site on CNC films, possibly resulting in
further non-uniformities due to varied grafting densi-
ties on the surface (Bazrafshan and Stylios 2019).
A coating approach can be another possible post-
treatment to CNC films. The coating techniques are
widely studied for inorganic/organic photonic/semi-
conducting materials to control optical, mechanical
and electrical properties (Eggleton et al. 2011; Yang
et al. 2018). However, they have not been used for
CNC films considering enhanced physicochemical
properties that are induced by coating materials. This
work presents a drop-casting approach from Poly-
amide 6 (PA6) to form a coating layer on CNC films.
This coating approach led to polycrystalline growth
patterns known as spherulites on the CNC film. The
evident similarities of their morphologies and ten-
dency for space-filling (of potential pores and cracks
of CNC films as a coating/protecting layer), polycrys-
tallinity, and their elongated fiber-like grains stimu-
lated the hypothesis of this work that this type of
pattern formation can positively influence the impact
of structural irregularities of typical CNC films which
were formed under ambient conditions. The practical
importance of spherulite formation was considered
including the crystal growth mechanism and the effect
of their structures on the physical properties of CNC
films such as optical, mechanical and thermal. This
experimental work can be potentially used for optical
sensors, anti-counterfeiting industries, and decora-
tions. Since a large variety of semicrystalline polymers
is available, we expect that spherulites occur in the
same way from other polymers under their thermody-
namic conditions, and this surface design and coating
approach is suggested for the future development of a
variety of portable functional assemblies of CNC films
for photonic sensing requiring enhanced performance
in optical and mechanical properties.
Experimental
Materials
a-Cellulose (powder) and nylon 6 (PA6, pellet) were
supplied by Sigma–Aldrich and sulfuric acid (98%)
and Formic Acid (99%) was prepared by Alfa Aesar.
Distilled water was used for dilution and purification
of CNCs.
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Preparation of CNC suspension and film
CNC suspension was prepared from a-Cellulose by
sulfuric acid hydrolysis (Bondeson et al. 2006;
Sheltami et al. 2012). Briefly, CNC hydrolysis was
carried out with sulfuric acid (64%, wt./wt.) at 45 C
for 60 min with vigorous stirring and then it was
diluted five times to stop the hydrolysis reaction. The
micro-sized components were removed by filtration.
The other possible monocrystalline components
remained. After removing the acid, dynamic light
scattering analysis (DLS, Malvern Zetasizer Nano ZS
equipment) was performed on diluted suspensions in
0.01 wt% at 25 C. The rod-like shape and size of the
CNCs in nanoscale were also studied by SEM
analysis. For CNC film formation, freshly prepared
CNC suspension (20 ml) having an approximate solid
content of 1 wt% in distilled water, where the pH of
CNC suspension was around 5 at the end of the
preparation procedure, was placed in an open Petri
dish (100*150 mm). The cellulose suspensions were
left for slow evaporation at room temperature for 72 h
to obtain solidified CNC films.
Coating of CNC film
The dried films supported by the Petri dishes were
covered and cooled for half an hour to reach the
temperature of (- 10 C) and then sited on a cubic
icebox. A solution of PA6 (20 wt/v %) in formic acid
was heated up to a temperature of 70 C (above glass
transition temperature). The surface of the CNC film
was coated by a 2 ml PA6 solution through the needle
of a syringe at a temperature of 20 ± 2 C and a
humidity of 32%, as shown schematically in Fig. 1 and
left disrupted at room temperature for 10 h to be
thoroughly hardened. The coated CNC film was
simply detached at once from the petri dish for
analyzing.
Optical microscopy
A Yenway CX40-POL microscope was used to
capture all the polarized and non-polarized reflected
light micrographs using 209/0.45, 50 9/0.55 and
1009/0.95 LM Plan objectives. The camera used was
a YenCam ISH500 and the sample films were placed
directly on glass slides, for some specific illustrations
on polystyrene sheets as further explained in the
‘‘Results’’ section. The color histograms based on
captured images were achieved using color image
processing of ImageJ in where the brightness-
weighted average of the x and y coordinates all pixels
in the images. The colors in RGB images (24-bit with
8-bits for blue channels) were used to characterize
colorful images. The associated color histograms were
provided to reflect the brightness diversity of blue
color in blue channels, which reflects the quality of
this color in the specimen.
Scanning electron microscopy
A Hitachi S-4300 scanning electron microscope was
used for SEM analysis using a 3 kV electron beam
Fig. 1 A typical surface of an air-dried iridescent CNC film
showing non-uniformities, irregular mosaic-like colorful
domainsas a result of a non-assisted film formation process
(no clear fingerprint texture was perceived in this scale); a cross-
polarizedimage, b SEM image, c Sketches of irregular multi
colorful domains that can be varied in brightness even in each
domain
123
Cellulose
voltage. Before SEM, gold-platinum sputtering was
applied to the typical and coated CNC films run by
Argon for plasma sputter. To study the shape and
approximate size of the CNCs, approximately 0.5 mL
of 0.01 wt% CNC dispersion was drop cast onto a
polyester membrane. The dispersion was allowed to sit
for 5 min followed by air drying to observe CNCs on
the surface. Then, the CNCs was sputtered by gold-
platinum before doing SEM analysis. The shape and
size measurements on SEM images was performed by
ImageJ software.
UV–vis absorption/reflection and Fourier-
transform infrared spectroscopy
A Perkin-Elmer ultraviolet-visible spectrometer
(Lambda 35) was used to record the UV-vis spectra
of samples. The optical reflectance of the sample films
was measured over the wavelength region from 200 to
1100 nm under a 90 incident illumination. To record
the reflectance spectra, Labsphere reflectance spec-
troscopy accessories (RSA–PE) were used. A Nicolet
iS5 FTIR spectrometer as used for Fourier-transform
infrared (FTIR) assessments using the attenuated total
reflectance (ATR) technique on dried typical and
coated CNC film samples.
Thermogravimetric and Differential Scanning
Calorimetry analyzer
A Mettler Tc 10A/TC15 analyzer was used for
thermogravimetric analysis (TGA) of samples and a
Mettler DSC 12E thermal analyzer was used to
differential scanning calorimetry (DSC). Approxi-
mately 8 mg dried film samples were subjected to a
heating ramp from 25 to 450 C, at 10 C increments
and nitrogen flow of 50 mL min- 1.
Tensile test
Tensile testing as a fundamental test was performed
using an Instron (3345 series) under controlled loading
and tension on mounted specimens (n = 05 of each
sample) in the tester before subjecting each to tension
using the BS-EN-ISO 527:2009 standard. The gauge
length was set at 50 mm for all specimens and a rate of
extension of 10 mm/min under standard atmospheric
conditions for testing (23 ± 1 C; 60 ± 2% RH). The
tensile data collected, based on the extent of
elongation and in the area of each specimen (90
mm*15 mm) as a function of load, tension and time, in
which the tensile load is recorded along with increas-
ing gauge length under a 10 N load cell. The stress-
strain curve is plotted for each group of specimens.
The advantage of stress-strain curves, in contrast with
load-extension curves, is that the stress vs. strain is
effectively independent of specimen dimensions
(Bazrafshan and Stylios 2018a, b). Modulus and
tensile toughness were calculated for each specimen
by software; by dividing and multiplying the stress
(force per unit area) to strain (proportional deforma-
tion). And the mean and standard deviation values
were calculated for each group of specimens referring
to modulus and tensile toughness of the samples.
Modulus and tensile toughness represent their resis-
tance to deformation and required deformation energy,
respectively.
Statistical analysis
Statistical analysis was performed using a one-way
analysis of variance (ANOVA) in Excel 2016 with
significance set at p\ 0.05. All statistical values were
reported as means of standard deviation.
Results and discussion
CNCs were obtained through acid hydrolysis; the acid
hydrolysis process required concentrated sulfuric acid
in a very harsh reaction condition to extract the
crystalline region of a-cellulose in nanoscale and
successful preparation of rod-like sulfate CNCs were
observed from SEM images in which the freshly
prepared CNCs had average length and diameter of
201.54 ± 24.93 and 19.01 ± 5.87, respectively. Sul-
furic acid was used as it produces a negative surface
charge on CNCs which leads to more stable suspen-
sions. It is believed that sulfuric acid-treated CNCs are
typically associated with sulfate ester groups (approx-
imately 0.5–2%) covalent bonding on the surface of
CNCs (Abitbol et al. 2013; Liu et al. 2014; Bo¨rjesson
and Westman 2015). For coating purposes, these
anionic compounds were expected here to facilitate
the coating process using a protonating solvent (FA).
The schematic illustration of this work is shown in
Fig. 1a. The CNC films were prepared through typical
evaporation-induced self-assembly from suspensions
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to suppose that approximately the same average
thickness achieved through relatively equal solid
contents under ambient conditions. The thickness of
the films was 5.24 lm measured individually through
SEM image and ImageJ averaged from 200 dimen-
sions. Since the optimization of the factors influencing
the performance of the air-dried film was not in the
scope of this work, the typical CNC films were
achieved with structural irregularities resulting in
mosaic-like domains under cross-polarized light, as it
is in Fig. 2a.
Generally, the optical properties of CNC films are
thought of as multilayer interference, which is qual-
itatively understood in terms that many thin layers
self-assembled and the associated optical properties
can be changed by a varied number of layers and self-
assembled arrangements over macroscopic areas in a
specimen forming birefringence effect (Kelly et al.
2013; Vignolini et al. 2013). However, due to
anisotropy of the internal structure of the typical
CNC films, their birefringent structures are perceived
through POM images in multi-colors from varied
distinguishable irregular domains in size, shape, and
brightness in which their boundaries are in a micro-
scopic length scale on the order of tens of microns
(Saha and Davis 2018). The POM image of a selected
region of the studied CNC film (Fig. 2a) is in
agreement with the above-mentioned work display-
ing mosaic-like domains with different irregular
shapes and colors such as green, blue and red. This
indicates that under ambient conditions, the typical
CNC arrangements can be shaped randomly and
Fig. 2 a Schematic illustration of the coating process of CNC
film supported by a syringe and an inclined plane tilted at an
angle. b From the observational experiments on mechanical
behavior (folding and winding) of a piece of CNC film, upon
under compression/tension influenced by an external force, the
CNCs film is irreversibly folded and broken down, cracks may
initiate from rigid boundaries of the film structure which
deduces axial splitting with limited plastic deformation. In
contrast, the coated CNC film retains the integrity of the film
under external mechanical force. The spherulites layer exhibits a
polycrystalline microstructure when a tensional and compres-
sive load is applied, the deformed films can be unfolded/
unwound, which means that the protecting layer of spherulites
can restrain the crack to extend and provide an enhanced plastic
deformation for the coated CNC film
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variously in terms of pitch lengths and helicoid tilt
axes in different regions in comparison with single-
pitch CNC films which shaped under specific condi-
tions (Saha and Davis 2018; Wilts et al. 2017).
Furthermore, the studied CNC films were found
brittle (Fig. 1b) and even difficult to be detached from
the surface of the petri dish. This founding is similarly
discovered by various research groups when they had
to evaluate the sample flakes or on glass slides (Park
et al. 2014; Dumanli et al. 2014b; Saha and Davis
2018). Also, according to Fig. 2b, the surface of CNC
film with structural irregularities was observed uneven
which was shown schematically in Fig. 2c. As in
Fig. 2c, the highly irregular domains varied in size can
be distinguished by darker/brighter boundaries, pos-
sibly having low solid contents that may be of weak
points influencing irreversible film deformation. As
mentioned earlier, eliminating or undermining the
origins of the non-uniformities is not in our research
scope. Instead, understanding the practical importance
of functional coating in order to achieve relatively
symmetrical colorful domains and reasonable
mechanical strength was on purpose, which otherwise,
can limit the use of selective reflection of CNC film for
some applications requiring both properties together.
Spherulites growth on the CNC film
Drop-casting as a solution processing method was
applied using the virtue of viscose forces. This coating
method is particularly important here since it can be
simply amenable to continuous, steady-state or drop-
on-demand printing methods and it is more likely to
have no impact on thermal degradation of CNCs
compared to the molten states of the coating polymeric
materials. In our laboratory, relatively the same
surface morphology was achieved using the dip-
coating method; however, studied samples were
coated through drop-casting because the surface
coating of one side of samples was proposed. Here a
simple binary coating system consisting of polymer
(PA6) and solvent (FA, boiling point=100.8 C) was
applied. Slight diffusion of FA into the CNC film was
projected because of polar interactions (dipole-dipole)
and its high tendency to hydrogen-bonding as a
protonating agent. This interaction is important to
cover imperfections of CNC films (e.g. uneven
surfaces, pores, cracks) on the surface by flowing
and simply adhering to the superficial layer of CNC
film. Protons in the coating solution then move to CNC
layers as new acceptors. And, it is more likely that this
protonation from the beneath of the coating layer was
an endothermic event generating an undercooling
deposition and a fast drying of the coating layer which
results in growing spherulites. Furthermore, since it is
believed that polymeric materials crystallize as
spherulites from viscous solutions at large undercool-
ing (Crist and Schultz 2016), another consideration
was performed to amplify the undercooling of the
coating layer; the studied CNC films were pre-cooled
and the PA6 solution was heated to 70 C. This pre-
cooling process for the CNC films can also solidify the
trapped moisture within the CNC layers preventing
dislocation of nonstable nanoparticles.
The Petri dishes were kept sealed before coating
and this was to prevent the formation of pores on the
coating layer due to excess moisture absorption on the
surface of the CNC films. On the other hand, PA6 with
several hydrogen-bonding sites can be attached to the
polar CNC film leading to coating adhesion which is
very important for interlocking of the layers.
The novel aspect of the coating approach used in
the present paper is the growth of spherulites from
PA6, as shown in Fig. 3. Generally, the spherical shape
of spherulites allows the folding polymeric chains
(lamellar) to place in helical strands radiating from
nucleation points with all possible polymeric chain
orientations in the plane (Crist and Schultz 2016). This
leads to polycrystalline growth patterns with ordered
radial symmetries and the randomization of the local
crystalline orientation that accompanies crystal grain
nucleation at the growth front (growth front nucle-
ation). Although there is no generally accepted theory
for spherulite crystallization for polymeric fluids, our
observations suggest that the morphology of spher-
ulites (Fig. 4) may be influenced by the uneven surface
of CNC film as well as the occurrence of ‘‘secondary’’
nucleation at the growth front from polymeric fluids.
And, the large-scale isotropy of spherulitic growth
arises from the predominance of growth front nucle-
ation in microscales. However, according to literature
the upward growth direction of multi-layer spherulites
(Fig. 4) may be due to a dominant drying direction as
reported for other polymeric fluids (Do¨rling et al.
2014). The newly achieved morphology is like a
3-dimensional prismatic opal-like structure of crystals
that shaped on the CNC films. Hence, PA6 crystal-
lization follows a different process to that in chiral
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photonic CNC films, spherulites produce different
crystalline morphology and configurations, Figs. 3 and
4.
Due to the above-mentioned intermolecular and
interfacial interactions, the coated CNC films without
rips and tears were readily detached across the petri
dish for further investigations (Fig. 1a). From the
microscopic observations (Fig. 5a, b), the diffusion of
the solvent through the substrate had no or negligible
effect on the color-structure of the CNC films without
possibly moving the CNCs arrangements
Optical anisotropy and radially symmetric
microstructure of PA6 spherulite
To achieve more in-depth insight into the optical
pattern of the crystalline feature of spherulites, a glass
slide was coated with PA6 and then microstructures of
individually grown PA6 crystal were viewed between
crossed polarizers. According to the optical micro-
scope imaging, birefringence and extinction domains,
and so-called Maltese cross pattern were observed in
the regular and uniform circular symmetrical pattern
of the individual PA6 spherulite, as in Fig. 4b, c. And,
Like some other polymeric spherulites that were
reported in literature, the internal anisotropic structure
of these banded spherulites, which induced from
polymeric chain orientations in the plane, is detected
through (a) the light transmission when the polymeric
chains have a non-zero angle with both polarizers; or
(b) zero extinction band when the direction of the
chains overlaps with one of the crossed-polarizers
(Dingler et al. 2019; Crist and Schultz 2016). This
optical transmission- extinction bands allow each
banded PA6 spherulite perceived relatively symmet-
rical on the surface and boundaries.
Fig. 3 a Sketches of spherulite, b crossed polarized image of a
spherulite; the pattern is unchanged by rotating the spherulite-
about the viewing direction or by interchanging the directions of
polarizer and analyzer, c the appearance of a spheruliteper-
ceived without the polarizer with a mean diameter of
40.64±3.23lm. Scale bars are 10 lm
Fig. 4 Typical SEM micrographs of Coated CNC Film and
grown spherulites on the upper surface with an average
diameterof 42.47± 6.27lm (a), with an average thickness of
7.15±1.54 lm (b) and the patterned upper surface of Coated
CNC film inwhich the lower side (c) is uncoated as shaped while
drying
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Optical performance of the coated CNC film
The CNC film showed a low diffusion reflection of up
to 10% and low light absorption in the visible and
near-IR regions, as in Fig. 5f. When surface coating,
the maximum of the light absorption slightly drops to
reach a lower value and the reflection increased
insignificantly by less than 1%. This gives us evidence
that diffusion reflectance of the coated surface is not
noticeable, and the thickness of the coating layer is not
to significantly obstruct the transmitted light to lower
layers and vice versa. Furthermore, this amenable
behavior even tends to continue the CNC film trend in
the ultraviolet region.
A colorful domain of CNC film with a distinguish-
able size of dark regions (Fig. 5a) was specifically
considered to identify the impact of spherulite forma-
tion on the intensity of transmitted rays (brightness)
through this domain. In Fig. 5a, different shapes of
colorful regions are visible that are varied in intensity;
large dark regions characterize situations where
incident polarized light is blocked (extinction domain)
and not to transmit when the analyzer is arranged
perpendicular to the polarizer (Kose et al. 2019). This
represents the highly nonuniform optical anisotropy of
the observed domain under polarized light. Again,
non-uniformities in the initial CNC dispersions and
microstructural changes during drying typically result
in highly irregular chiral photonic regions which is
normal of any uncontrolled self-assembly method and
repeatedly reported in literature (Kose et al. 2019;
Saha and Davis 2018).
Figure 5b shows the same colorful domain of CNC
film, which was observed after the coating from PA6
spherulites. The existing colors (e.g., blue colors) in
the coated CNC film reveal that (a) the CNC
arrangements are not affected by the employed coating
process and crystallization, and (b) the bands of
spherulites as coating layer occur depending on the
incident light wavelength that transmitted through the
CNC film. However, due to the occurrence of both
(scattered) reflection and (scattered) refraction within
Fig. 5 a and b A representation of a microscopic scale of CNC
film and coated CNC film observed through crossed polarizers,
in which considerable change was perceived due to the presence
of spherulites of PA6 covering the CNC film. c Based on
the color histogram of the blue broadband information, the
bright blue color of the coated CNC film (b) is more intense than
that of CNC film without coating layer (a). d and e the feature of
spherulites were observed invariant under rotation of the
polarizer. fight absorption-reflection from UV-vis spectropho-
tometry showing that the coating spherulites have an insignif-
icant impact on high transparency of the thin CNC film
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the internal structure of spherulites, the coated CNC
film is perceived with different transmission and zero
(extinction) bands while the intensity of the transmit-
ted rays do not remain constant throughout each
spherulite. The maltese cross is not clearly observed
on the surface; this can be due to the non-evenness of
the substrate (CNC film surface) as well as the multi-
layer orientation of the spherulites preventing the
direction of the internal chains to regionally overlap
with one of the polarizers.
The interaction of transmitted rays within each
spherulite provide information in two ways: (a) dark
round edges of spherulites; the main color (e.g. the
wavelength of blue light) of the direct image formed
by CNC film subjected to reflection/refraction being
observed in a darker color on edges surrounded by a
bright halo and (b) rayleigh scattering of the surface;
the transmission depending on the wavelength may be
scattered when the internal orientation of spherulites
have a non-zero angle with both polarizers. Conse-
quently, due to the large average size of the spherulites
(42.47 ± 6.27 lm) and all unique optical phe-
nomenon that may happen on transmitting wave-
lengths, the light transmission-extinction bands of the
CNC film are influenced and perceived through radial
symmetry of illuminated spherulites which are also
responsible for the formation of circular extinction
patterns for the coated CNC film.
This can be also concluded that the spherulites are
illumination angular responsive crystals here and the
angle of transmitting rays symmetrically may be
further altered to a greater or lesser angle. This simply
means that the coating spherulites may change inten-
sity distribution of transmitted rays of the CNC film;
the brightness of the refracted ray may be perceived
‘decreased’, simultaneously the brightness of the
reflected ray may be perceived ‘increased’ and vice
versa. To compare the intensity distribution of trans-
mitted rays of CNC film and the coated CNC film, the
brightness calculation was performed using RGB
digital image processing of ImageJ software. And,
the associated color histogram showing blue channel
distribution was revealed in Fig. 5c. The average
brightness of the coated CNC film (96.52 Lux) is at a
higher intensity comparing to that of the naked CNC
film (89.80 Lux). And, this apparent upshifting in
brightness, which simply indicates a color shift to a
bluer shade and lesser blackness, may be more
appropriate for many applications. Also, the
characteristic spherulites are observed invariant under
rotation of the polarizer, Fig. 5e, f.
To more in-depth study the effect of spherulites on
the appearance of a brighter and larger mosaic domain
of the CNC film, the studied films were individually
placed on a polystyrene sheet. Crossed-polarized
optical microscopy reveals that this placement selec-
tively reflects left-hand circularly polarized light at a
specific set of wavelengths (Dumanli et al. 2014b).
This led to higher intensity and more diversity of
perceived light rays, hence the samples were observed
brighter and more colorful, as it is in Fig. 6a, b.
According to Figures 7b and d, the radial symmetry of
banded spherulites revealed relatively with the same
appearance as seen in Fig. 5b. And, by relatively
regular shape and size of banded spherulites and
repetitively changing the color brightness (referring to
the predictable intensity distribution between trans-
mission and extinction bands of each spherulite), the
irregular domains of the CNC film, which were placed
beneath the local spherulites, have been restricted
within the surface area of each spherulite and
positively corrected; from the binary image (Fig. 6c),
digitally processed by ImageJ, the grayscale areas
(darkness) of CNC film were visually reduced in a
smaller surface area by banded spherulites.
Furthermore, with respect to the relatively similar
shape and size of the banded spherulites (Figs. 5a and
7b), reproducibility of the regular polycrystalline
growth of the banded spherulites is more certain
comparing to the irregular transmission-extinction
bands of the chiral photonic CNC films. The coating
layer here may be like a polishing layer that reduce the
optical imperfections and improve the overall inten-
sity of the transmitted light rays, simultaneously. And,
this new outstanding appearance that was introduced
through banded spherulites to the CNC film may
happen similarly on photonic CNC domains that
require similar and predictable extinction bands in
the microscopic study.
Physiochemical properties of the coated CNC film
As shown in Fig. 7a, the FTIR spectrum of the CNC
film presented distinguishing CNC absorption peaks, a
stretching band at 3422 cm- 1 and 2895 cm- 1
corresponding to the hydroxyl group O–H and the
C–H bond, respectively; a weak band at 1635 cm- 1,
originating typically from absorbed humidity and the
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absorption band at 1050 and 895 cm- 1, which was
allocated to the deformation of the C–H bond of b-
glycosidic linkages between glucose (Tang et al.
2013). The absorption peak between 1050 cm- 1 and
1160 cm- 1 was due to the stretching of the C–O bond,
which is ascribed to the ether main bonds. Stretching
S = O was somewhere between 1510 and 1380 cm- 1.
From the FTIR analysis of the coated CNC film, apart
Fig. 6 POM images of a CNC film with irregular domains on
polystyrene sheet (a) and a coated CNC film (b) in which each
PA6 spherulite provides a radially symmetric structure for CNC
films. From the binary image, 50% black and white threshold (c-
1 and 2) digitally processed by ImageJ, the grayscale areas of
CNC film (c-1) were visually reduced and perceived in a smaller
surface area through spherulite crystallization (c-2). POM image
of a larger magnitude of the coated CNC film referring to darker
domains of spherulites consisting of the curved boundaries (d)
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Fig. 7 Typical physiochemical properties of the samples: CNC
Film and Coated CNC Film, molecular structure from FTIR (a),
Thermal behavior from DSC and TGA analysis (b), the typical
stress-strain curve from the tensile test (c); an image of a
specimen that was held between jaws of Instron Tensile Tester
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from Amide absorption peaks of PA6, the stretching
band at 3422 cm- 1 corresponding to the hydroxyl
group O–H received a shifting to a lower wavelength
(3419 cm- 1) that is important and is attributed to
the strengthening of the hydrogen bonds at the local
surface of superficial layer, as well as ordering and
strains of PA6 chains induced by the spherulites
growth process which shifted the corresponding peak
of the hydroxyl group.
From the thermal analysis of CNC films (Fig. 7b),
the sulfuric acid-treated CNCs were sensitive to heat,
as expected. At temperatures above 100 C, the CNCs
underwent desulfation; afterward the helical and chiral
of CNCs were destroyed because of intense desulfa-
tion at 168 C leading to the separation of the anionic
sulfate groups from the surface of the CNCs.
The thermal behavior of the coated CNC film was
also evaluated. According to Fig. 7b, the DSC analysis
of the coated CNC film reveals that the intensity of the
desulfation peak decreased. This can be due to an
exothermic procedure that simultaneously occurred in
PA6 spherulitic layers e.g., recrystallization. How-
ever, some CNC layers experienced degradation at
168 C likewise the CNC film. The thermal degrada-
tion was also examined through TGA analysis, in
which the decomposition event partially happened at a
higher temperature ([168 C) as shown in the same
graph, Fig. 7a. This enhanced thermal stability can be
due to the strong intermolecular interactions including
hydrogen bonding that are characterized by the
spherulite coating. Also, the coating spherulites
may strengthen heat transfer phenomena leading to
gradually decomposition event of CNCs.
Through the tensile test, we explored the response
of the symmetrical polymeric chain orientations of
spherulites and their associated free volume under
externally applied stress. Figure 7c shows a typical
stress-strain curve for coated CNC film whereas the
corresponding curve for CNC film is also present as
the reference. For testing the mechanical behavior of
the samples, each specimen (n = 5 of each sample)
was held between the jaws of Instron Tensile Tester
applying load until it breaks (Fig. 7d).
The tensile toughness and modulus were calculated
for each specimen through the software connected to
the machines and their mean values with the correlated
standard deviation were calculated for each group of
specimens referring to the tensile toughness and
modulus of the samples.
According to Table 1, the PA6 spherulites provide
an enhanced mechanical strength for the coated CNC
film under load and strain, comparing to the pristine
CNC film. From Fig. 7d, it is possible that the
antiparallel chain orientation of PA6 spherulites can
drive elongation of films in a direction parallel to the
increasing strain axis which is ended up with stretched
chains in the direction of strain axis. This behavior led
to more than five time enhancement of elasticity-
plasticity strength under stress-strain deformation.
And at a crystalline scale, this mechanical reinforce-
ment that induced from spherulites can be explained as
follows. The antiparallel chain orientation of spher-
ulites may entangle dislocations and prevent poly-
meric chains (interlamellar) from sliding providing an
improvement of the elasticity behavior to the coated
CNC film up to the yield of strength, at the point of
9.86 MPa-1.73% on stress-strain curve, Fig. 7c. As
further tensile load is applied, spherulites turn grad-
ually from an ordered chain orientation to a disordered
and then stretched pattern, and simultaneously the
cracks may appear and run through the CNC layers as
shown in the SEM image of Fig. 7e. This can be a
consequence of irreversible deformation of PA6
chains within the internal structure of spherulites in
this stage when a load-strain over the yielding point is
applied. Plastic deformation that leads to fracture
happened at approximate stress and strain of 9.62 MPa
and 4.95%, respectively, when the overextended PA6
chains were unable to support any load. The growth of
critical cracks subject to cyclic stresses due to the
fatigue of CNC films was not investigated in this
study.
Conclusions
A typical air-dried CNC film was prepared from
suspensions. The CNC film was then coated with PA6
under certain conditions in which the PA6 chain
orientations had the same sense revealing spherulites.
The effect of spherulite crystallization on irregular
chiral photonic domains of CNC film was investi-
gated. The spherulites exhibited relatively symmetri-
cal round shapes grown on the top layer of the CNC
film. The coating layer was not to obstruct the
transmitting light to the CNC film. Under polarized
light, the light transmission-extinction bands of CNC
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film were perceived through the illuminated spheru-
litic microstructures. Due to all unique optical phe-
nomena that may happen on transmitting light rays and
regular extinction band of banded spherulites, a
relatively ordered optical appearance containing radial
symmetries was devoted to the optical irregularities of
the CNC film. Besides, the mechanical strength of the
coated CNC film was enhanced by the spherulites
providing tension resistance. Due to the presence of
coating spherulites, the thermal decomposition of
CNCs was segmented leading to a delay in the
desulfation of a portion of CNCs. Since a large variety
of polymers is available, these morphological patterns
allow for the development of a variety of portable func-
tional assemblies in photonic sensing. improve the
overall intensity of the transmitted light rays ordering
effect of their discrete local and orientation positively
influenced the effects of structural non-uniformities of
the typical CNC films. Since polycrystalline growth of
spherulites may occur in the same way from other
semicrystalline polymers under their thermodynamic
conditions, this surface design and coating approach is
suggested for the protection and the future develop-
ment of a variety of portable functional assemblies of
CNC films for photonic sensing requiring enhanced
performance in optical and mechanical properties.
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